In patients with severe hemophilia B, gene therapy that is mediated by a novel selfcomplementary adeno-associated virus serotype 8 (AAV8) vector has been shown to raise factor IX levels for periods of up to 16 months. We wanted to determine the durability of transgene expression, the vector dose-response relationship, and the level of persistent or late toxicity.
H emophilia B, an X-linked recessive bleeding disorder, results from a defect in the gene encoding coagulation factor IX, a serine protease that is critical for blood clotting. Patients with functional plasma levels of factor IX that are less than 1% of the normal value (1 IU per deciliter) have a severe phenotype characterized by frequent spontaneous bleeding episodes that result in chronic, debilitating arthropathy and occasionally death. 1 Current treatment to prevent these bleeding episodes entails lifelong intravenous injections of factor IX every 2 or 3 days. Although this treatment is effective in preventing spontaneous bleeding episodes, it is not curative and is invasive and inconvenient. In addition, the prophylactic administration of clotting factor concentrate, on average, costs approximately $250,000 per year, which is not affordable for most patients with hemophilia, resulting in a reduction in life expectancy for those with a severe bleeding phenotype. 2 Novel clotting formulations with longer half-lives represent a major advance but still require lifelong intravenous administration at a high financial cost. 3 In contrast, somatic gene therapy for hemophilia B offers the potential for cure through persistent, endogenous production of factor IX after the transfer of a normal copy of the factor IX gene. Hemophilia B is an ideal target for gene therapy, especially since a small increase in plasma factor IX levels above 1% of physiologic levels substantially ameliorates the severe bleeding phenotype. In a variety of animal models, [4] [5] [6] vectors that are based on adeno-associated virus (AAV), a nonpathogenic parvovirus, have shown the greatest promise for gene therapy in patients with hemophilia B, largely because of the ability of these vectors to mediate long-term expression of factor IX at therapeutic levels after a single infusion. [4] [5] [6] However, in two early trials of hemophilia B gene therapy that used either intramuscular or liver-targeted delivery of AAV factor IX vectors based on AAV serotype 2, investigators did not achieve stable expression of factor IX in the plasma of patients with severe hemophilia B. 7, 8 In addition, liver toxicity was observed in patients in the liver-targeted study, an adverse event that may have been due to the activation of capsidspecific T cells after the infusion of the high vector dose. 8 On the basis of these results, we developed a variation of this approach that involves a single intravenous infusion of a novel serotype 8 pseudotyped, self-complementary AAV (AAV8) vector expressing a codon-optimized factor IX transgene (scAAV2/8-LP1-hFIXco) and tested it in a phase 1 clinical trial in six patients with severe hemophilia B. [9] [10] [11] [12] Factor IX expression at 1 to 6% of the normal value was established in all six patients. Asymptomatic, transient elevations in serum liver enzymes, possibly as a result of a cellular immune response to the AAV8 capsid, were observed in the two patients who received the high dose of the vector. This complication had not been observed in animal models. 12 Here, we report on the durability of expression of the therapeutic transgene and long-term clinical outcomes of AAV-mediated gene transfer for the treatment of hemophilia B. In addition, we describe the consistency of the dose-response relationship in an expanded high-dose cohort, as well as the incidence and kinetics of elevated liver enzymes. We also report on late toxic events to date in this small subset of patients.
Me thods

Study Patients
A total of 10 men with severe hemophilia B each received a single dose of the scAAV2/8-LP1-hFIXco vector, administered through a peripheral vein, according to the trial protocol. 9 The eligibility criteria and the plan for study investigations are outlined in Tables S1 and S2, respectively, in the Supplementary Appendix (available with the full text of this article at NEJM.org). The absence of detectable antibodies against AAV8 capsid protein was a critical enrollment criterion. 9 (See the Supplementary Appendix for details.)
Two separate lots of scAAV2/8-LP1-hFIXco vector were manufactured by Children's GMP in Memphis, Tennessee, and were characterized, as described previously. [9] [10] [11] 13 The vector titer was determined by means of a recently described gelbased assay. 14 In the initial study group, six patients were sequentially enrolled between March 2010 and January 2011 to receive one of three vector doses-a low dose (2×10 11 vector genomes [vg] per kilogram of body weight), an intermediate dose (6×10 11 vg per kilogram), or a high dose (2×10 12 vg per kilogram) -with two patients in each dose cohort. The early results for these patients have been reported previously. 9 The next four patients were enrolled between February 2012 After Presence of factor IX neutralizing antibodies and December 2012; each received the high dose. All the patients provided written informed consent.
Safety and Efficacy Assessments
After vector infusion, we monitored plasma factor IX activity, vector shedding, and humoral and cellular immune responses against capsid and factor IX, in addition to performing routine laboratory studies. 8, 15 We used a standard, one-stage assay of the activated partial-thromboplastin time to assess factor IX coagulation activity and an immunoassay to measure antigen levels. (Details about these assays are provided in the Supplementary Appendix.) Using validated records of patients, we calculated the annual number of bleeding episodes and the amount of factor IX concentrate that was administered as prophylactic therapy.
Study Outcomes
The primary outcome of the study was the safety of vector infusion at the three different doses. We assessed efficacy (a secondary outcome) by analyzing three measurements: factor IX activity (as measured at least 10 days after the last dose of factor IX concentrate), the annual number of bleeding episodes, and the annual amount of factor IX concentrate that was administered.
Statistical Analysis
We used one-sample Wilcoxon signed-rank tests to determine whether there was a significant difference in the distributions of the annual number of bleeding episodes and the use of factor IX concentrate 1 year before gene transfer, as compared with 1 year after gene transfer. The analyses were restricted to data from these time periods to ensure that data would be complete for all patients, since the majority of patients who were treated in the high-dose cohort had been followed for just over 1 year. However, we report a summary of the annual number of bleeding episodes and factor IX use over a longer follow-up period (up to 3 years) for the six patients in the initial dose-escalation cohort.
R esult s
Patients
Of the 10 patients with severe hemophilia B who were enrolled in the study, all had negative test results for human immunodeficiency virus (Table 1) .
Annual use of factor IX concentrate
Before All the patients except Patient 7 had evidence of serologic immunity to hepatitis B surface antigen after vaccination. All the patients except Patients 1, 4, and 6 had evidence of previous infection with hepatitis C virus (HCV), on the basis of testing that was positive for HCV antibodies but negative for HCV RNA. The systemic infusion of scAAV2/8-LP1-hFIXco was not associated with clinically significant changes in pulse, respiration rate, blood pressure, or temperature either during or after vector infusion ( Fig. S1 in the Supplementary Appendix), despite the presence of the vector genome in saliva, urine, semen, stool, or plasma for up to 6 weeks after gene transfer ( Fig. S2 in the Supplementary Appendix). None of the patients reported any new symptoms during or after vector administration, including symptoms that are typically associated with viral infection (e.g., fever, sweating, muscle ache, abdominal pain, and diarrhea).
Factor iX Activity
Steady-state transgenic factor IX activity of 1 to 6% of the normal value was reached within 4 months after vector infusion and remained stable for a median of 3.2 years (range, 1.5 to 4.3) (Fig. 1) . The increase in transgenic factor IX activity appeared to be vector dose-dependent, with a mean (±SD) level of factor IX coagulation activity that was approximately 1.8±0.7% of the normal value in the low-dose cohort and that increased to 2.5±0.9% in the intermediate-dose cohort. At least 1 year after receiving the vector infusion, the six patients in the high-dose group had a doubling in the steady-state plasma level of factor IX (5.1±1.7%) ( Table 1 ). The ratio of factor IX antigen to factor IX coagulation activity was 1:1 in four patients (Patients 2, 6, 7, and 10) who had a factor IX gene mutation that resulted in no production of endogenous factor IX, thus permitting accurate assessment of the level of transgenic factor IX antigen (Table 1) . This finding suggested that endogenously expressed factor IX was The mean (±SD) levels of factor IX coagulation activity were determined at the indicated time points with the use of a one-stage clotting assay after the infusion of a low dose of vector (in Patients 1 and 2), an intermediate dose (in Patients 3 and 4), or a high dose (in Patients 5 through 10), as shown on the left y axis. The arrows at the top of the graphs show the time points for treatment with factor IX concentrate. The decline in plasma factor IX activity that was observed in some patients (i.e., Patients 1, 5, 6, 7, and 8) in the initial phase after gene transfer probably represents a washout of the factor IX concentrate from the circulation. Levels of serum alanine aminotransferase (ALT) over time are shown on the right y axis. The duration of treatment with prednisolone (P), starting at a dose of 60 mg per day that was followed by a gradual tapering of the dose, is shown in purple at the top of the graphs for Patients 5, 6, 7, and 10. The left y axis has been adjusted for the patients in the high-dose group to reflect higher factor IX levels in these patients. The x axis has been adjusted to show with greater detail the kinetics of elevations in ALT levels in these patients. biologically active. Of the seven patients who were receiving factor IX concentrate prophylactically at the time of vector infusion, four (Patients 1, 4, 6, and 7) were able to discontinue therapy without having spontaneous bleeding. In contrast, Patient 2 (in the low-dose group) and Patient 3 (in the intermediate-dose group) were not able to stop prophylaxis after vector infusion because of severe preexisting hemophilic arthropathy. When these patients were assessed at a minimum of 10 days after the administration of factor IX concentrate, factor IX levels were consistently at 1% in Patient 2 approximately 2 years after gene transfer and ranged from 1 to 3% in Patient 3. Collectively, these data suggest that there was endogenous synthesis of factor IX in these two patients after gene transfer. In Patient 5, the first patient enrolled in the high-dose group, prophylaxis with factor IX concentrate was reinitiated because of recurrent episodes of bleeding in his hands and knees approximately 1 year after gene transfer. However, his factor IX level without prophylaxis was 2% at 3 years after gene transfer.
Factor IX Prophylaxis and Bleeding Episodes
The annual amount of factor IX concentrate that was administered to all 10 patients dropped from a median of 2613 IU per kilogram (interquartile range, 1671 to 4513) in the year before vector infusion to 206 IU per kilogram (interquartile range, 79 to 948) in the year after vector infusion (P = 0.002), a relative reduction of approximately 92% ( Fig. 2A) . In the high-dose group, the amount of factor IX concentrate that was used dropped from a median of 2613 IU per kilogram 
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(interquartile range, 1627 to 3487) to 92 IU per kilogram (interquartile range, 38 to 395), a relative reduction of 96% (P = 0.03). Despite this decline in factor use, the annual number of bleeding episodes for the entire cohort of 10 patients decreased from a median of 15.5 bleeding episodes (interquartile range, 10.3 to 19.3) 1 year before vector infusion to 1.5 episodes (interquartile range, 1.0 to 4.0) in the year after vector infusion, a relative reduction of 90% (P = 0.009) (Fig.  2B ). When only patients in the high-dose group were considered, the annual number of bleeding episodes decreased from a median of 16.5 episodes (interquartile range, 12.5 to 27.0) to 1.0 episode (interquartile range, 0.8 to 2.5), a relative reduction of 94% (P = 0.03).
Adverse Events
A total of 128 adverse events were reported in the 10 patients after vector infusion, with 110 of these events (86%) judged to be unrelated to the study agent ( Table 2 ). The majority of adverse events (125 events [98%]) were mild in severity (grade 1), according to the National Cancer Institute Common Terminology Criteria for Adverse Events (see the Results section in the Supplementary Appendix). The most common study-related adverse event was an asymptomatic elevation in the alanine aminotransferase (ALT) level, which occurred approximately 7 to 10 weeks after vector infusion in 4 of the 6 patients in the highdose group ( Table 3) . Each of these patients received a tapering dose of prednisolone, starting at 60 mg per day, which ºresulted in resolution of the elevated ALT level over a median period of 5 days (range, 2 to 35). Subsequently, factor IX levels were reduced by 50 to 70%, as compared with values before the onset of the elevated ALT level, especially among patients for whom more than 2 days had elapsed from the increase in ALT to the initiation of treatment with prednisolone. No patient had a recurrent episode of an elevated ALT level.
Although elevated ALT levels were observed after vector infusion only in the high-dose group, an increase in the number of AAV8 capsid−reactive T cells was detectable in peripheral blood within 3 months after the infusion of the intermediate dose and high dose of vector, as reported previously. 9 Long-term immune monitoring of some of these patients also showed the presence of capsid-reactive T cells in peripheral blood at late time points (>1 year after infusion) on enzyme-linked immunosorbent spot (ELISPOT) assay, but this finding was not associated with an elevation in liver enzyme levels (Fig. S3A in the Supplementary Appendix). The same ELISPOT assay showed T-cell reactivity in three of the four additional patients in the high-dose group, including Patient 8, in whom there was no increase in the ALT level at any time after gene transfer ( Fig. S3B in the Supplementary Appendix). Subtle differences in capsid-specific T-cell subsets were observed in various patients, a finding suggesting that more proinflammatory cytokines were produced in the patient with an elevated ALT level (Patient 10) than in the patient without such an elevation (Patient 8) ( Fig. S4 in the Supplementary Appendix).
No increase in levels of neutralizing antibodies against factor IX was observed in any of the 10 study patients (data not shown). In contrast, anti-AAV8 IgG antibody titers increased over time, from a baseline mean value of 11±6 relative units per milliliter to a peak mean value of 387±175 relative units per milliliter at a median of 13 weeks (range, 3 to 27) ( Fig. S5 in the Supplementary Appendix). These antibody titers remained at high levels for at least 12 months after vector infusion. In comparison, there were only small increases in anti-AAV IgG antibody titers against most of the other serotypes of AAV that were tested after vector infusion (Table S3 and Fig. S4 in the Supplementary Appendix). These findings suggest that there was minimal cross-reactivity between anti-AAV8 antibodies and epitopes on the capsid of some of the other serotypes.
Discussion
In this study involving 10 men with severe hemophilia B, the systemic infusion of AAV8 vector containing a codon-optimized factor IX transgene resulted in long-term endogenous factor IX expression at therapeutic levels. A single intravenous infusion of scAAV2/8-LP1-hFIXco resulted in an increase in plasma factor IX activity from baseline values that ranged from less than 1% of the normal value to steady-state levels of 1 to 6% of the normal value in all 10 patients. Among patients receiving a low or intermediate dose of vector, the increase in factor IX activity was modest (to 1 to 3% of the normal value). In contrast, remarkably consistent factor IX expression (mean, 5.1±1.7% of the normal value) was observed in the 6 patients receiving the high dose of vector. AAV8-mediated factor IX expression remained relatively stable over a period of up to 4 years, in keeping with the stability of transgene expression in animal models, including nonhuman primates. 12 Moreover, long-term follow-up suggests that episodes of elevated ALT levels have not recurred and that there have been no new late toxic events.
Of the seven patients who were receiving prophylaxis with factor IX concentrate before gene transfer, four (Patients 1, 4, 6, and 7) were able to stop regular factor IX replacement therapy, and most of the others were able to increase the interval between prophylactic infusions. The overall reduction in the amount of factor IX concentrate that was administered over the duration of the study was more than 3 million units, resulting in a financial savings of more than $2.5 million based on 2014 prices. The ultimate savings cannot currently be calculated, since the cost of a single dose of vector has not been determined and questions remain about whether the dose might ultimately need to be repeated. Despite the reduction in the use of factor IX concentrate, the average annual number of bleeding episodes was consistently lower after gene transfer, most notably in patients in the high-dose cohort, for whom the mean steadystate factor IX expression was around 5% of the normal value. This reduction in the number of annual bleeding episodes occurred despite higher overall physical activity levels reported by all patients, including participation in sports activities that had previously been associated with bleeding. This improvement in the bleeding phenotype among patients in the high-dose cohort is consistent with the natural bleeding tendency in patients with mild hemophilia who have plasma factor IX levels of 5 to 40%. Such patients have either no or very few spontaneous bleeding episodes but are at risk for excessive hemorrhage after trauma or surgery. 16 As expected, long-lasting AAV8 capsid-specific humoral immunity developed in all the patients who underwent gene transfer. Although the increase in anti-AAV8 IgG levels did not have di-rect clinical consequences as far as we can tell, its persistence at high titers would preclude subsequent gene transfer with vector of the same serotype if transgene expression fell below therapeutic levels. However, preclinical studies suggest that it may be possible to achieve successful transduction in patients with preexisting anti-AAV8 antibodies after the infusion of AAV vectors pseudotyped with alternative serotypes, such as AAV5, that have low cross-reactivity with anti-AAV8 antibodies. 11 The major vector-related adverse event was a dose-dependent, asymptomatic increase in the serum ALT level associated with a decline in factor IX levels, suggesting a loss of transduced hepatocytes ( Table 3 ). Expansion of the highdose cohort showed that this adverse event was common, occurring in four of the six patients. The increase in serum ALT levels occurred consistently at 7 to 10 weeks after gene transfer, thus defining the critical period of monitoring and pharmacologic intervention. The precise pathophysiological basis for the hepatocellular toxicity, which has also been observed with other serotypes and genomic configurations, remains unclear. 8 Apart from the dose of vector, there were no identifiable clinical differences between the patients who had an increase in the ALT level and those who did not have an increase. In any case, prednisolone was effective in limiting the hepatocellular toxicity as well as preserving the expression of transgenic factor IX, especially when such treatment was initiated early. Although data from patients undergoing liver transplantation suggest that the administration of prednisolone at the doses used in this study may be safe even in patients with active HCV infection, since any increase in HCV viremia would be transient, future studies should be focused on improving the quality and potency of AAV vectors so that the risk of liver toxicity can be eliminated. 17 In conclusion, we found that a single infusion of AAV8 vector resulted in durable factor IX expression and long-lasting amelioration of bleeding episodes in patients with severe hemophilia B. The findings with respect to the safety of this approach are encouraging, with the main vectorrelated adverse event being an elevated serum ALT level, an effect that appears to be readily attenuated by a short, tapering course of prednisolone.
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